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摘  要 
I 







As 的耐抗性有着紧密的联系。目前有关 S 与 As 在土壤及红树植物中交互效应的
研究鲜有报道。本研究设想红树林沉积物及红树植物体内较高的 S 含量在红树植
物 As 耐性方面起了关键作用。针对这一设想，本文通过人工土培秋茄（Kandelia 
obovata (S., L.) Yong）幼苗，分别以 As 浓度 0、30、60、150 ppm，S 浓度 0、0.1、
0.2、0.4%(w:w)进行复合处理，分析测定不同浓度的 S 含量对 As 胁迫下秋茄幼
苗叶片及根中非蛋白巯基(NPT)、谷胱甘肽(GSH)、植物络合素(PCs)、可溶性蛋
白、脯氨酸和可溶性糖含量的影响以及对秋茄 As 吸收和分布情况的影响，以期
探讨 S 在红树植物 As 耐抗性中的作用，为全面揭示红树植物对 As 耐抗性提供
理论依据。 
本研究主要结论有： 
1. As 胁迫下根中可溶性蛋白含量均明显低于 As 0 处理组，As 已对秋茄幼苗
产生毒害效应，其蛋白质合成系统遭到破坏，导致蛋白质含量降低。相同 As 处
理水平下，加 S 处理组秋茄幼苗根、叶可溶性蛋白含量均高于对照。S 处理浓度
与秋茄幼苗叶片中可溶性蛋白含量呈显著正相关关系（P<0.05），与根中可溶性
蛋白含量呈极显著正相关关系（P<0.01），施 S 可促进秋茄幼苗可溶性蛋白的合
成，缓解 As 对秋茄幼苗的毒害作用。 
2. 随着 As 胁迫浓度的增加，秋茄幼苗根中可溶性糖含量呈现增加的趋势。
相同 As 处理水平下，S 0.1、S 0.2 处理水平对秋茄幼苗可溶性糖含量的增加有促
进作用，S 0.4 处理水平下秋茄幼苗可溶性糖含量有所下降。 
3. 相同 As 胁迫水平下，叶片脯氨酸含量随 S 处理浓度的升高有不同程度的













摘  要 
II 
中脯氨酸含量变化不显著（P>0.05）。 
4. As 胁迫下，秋茄幼苗根、叶 NPT 含量均有所增加。根、叶 NPT 含量与
As 处理浓度呈极显著正相关关系（P<0.01），与秋茄幼苗体内 As 含量呈显著正
相关关系（P<0.05）。在不加 As 条件下，S 处理浓度的增加对秋茄幼苗根、叶
NPT 含量影响不显著（P>0.05）。As 胁迫下 S 0.1、S 0.2 处理水平明显增加了秋
茄幼苗 NPT 含量，S 0.4 处理水平下秋茄幼苗 NPT 含量增势不显著（P>0.05）。
施 S 可促进秋茄幼苗 NPT 的合成，对于缓解 As 对植株造成的氧化伤害具有重要
意义。 
5. As 胁迫下根中 GSH 含量明显降低（P<0.05），叶片 GSH 含量明显增加
（P<0.05）。As 胁迫一方面刺激 GSH 合成加强，引起 GSH 水平提高；另一方面，
As 胁迫下 PCs 的合成引起 GSH 消耗。秋茄幼苗根、叶中 GSH 含量与 S 处理浓
度呈极显著正相关关系（P<0.01）。施 S 促进了秋茄幼苗 GSH 的合成，为 PCs
生成提供前体物质，对秋茄幼苗抵御 As 毒害具有重要意义。 
6. As 胁迫下秋茄幼苗根、叶 PCs 含量均明显增加，PCs 含量与秋茄幼苗体
内的 As 含量呈极显著正相关关系（P<0.01），PCs 含量的增加，对于清除其体内
游离的 As 离子，缓解其毒害起了关键作用。As 胁迫下，秋茄幼苗根系 PCs 含量
明显高于叶片 PCs 含量，根是 PCs 合成的主要部位，根中 PCs 对 As 的络合作用
降低了 As 由根向地上部位的转运，在 As 的解毒过程中起了重要作用。随着 S
处理浓度的增高，秋茄幼苗根、叶 PCs 含量有不同程度的下降，且以 S 0.4 处理
水平下降较显著（P<0.05）。 
7. 秋茄幼苗根、叶中的 As 含量随着 As 处理浓度的增加而增加，As 含量与
As 处理浓度之间均存在极显著正相关关系(P<0.01)。叶片中 As 含量与 S 处理浓
度之间存在极显著负相关关系(P<0.01)。根中 As 含量远大于叶中的 As 含量，As
不易向地上部分转移，根是秋茄富集 As 的主要器官。相同 As 处理水平下，S
处理浓度的增加一定程度上降低了秋茄幼苗叶片 As 含量；S 0.1、S 0.2 处理水平
下根中的 As 含量均高于对照。施 S 可促进 As 在根中的累积，减少 As 向地上部
位转移，提高植物对 As 胁迫的抗性。 
8. S 处理浓度与秋茄幼苗根、叶 GSH 含量均存在极显著正相关关系













摘  要 
III 
秋茄幼苗根、叶中 As 含量与 NPT 含量均呈现出显著正相关关系（P<0.05），与
PCs 含量呈现极显著正相关关系（P<0.01），As 胁迫下巯基化合物含量的增加，


















Arsenic is a toxic and carcinogenic metalloid, its contamination to water and soil 
is of great concern worldwide. At present, research on the toxicaction of As on 
mangrove plant is still on the initial stage. It is reported that As has high affinity with 
thiols, they can form stable chelate, which could reduce the toxicity of As on plants. 
The high S content is an important habitat characteristic of mangrove sediment, 
mangrove plants contain higher S than any other terrestrial plants in the same latitude 
area. Therefore, we assume that S is closely linked with mangrove plants’tolerance. 
However, the interactions between S and As in soil and mangrove plant are rarely 
reported. For this reason, we assume that mangroves’ tolerance to heavy metals stress 
may be in relation to S both in mangrove sediments and mangrove tissues. To 
investigate the relationships between S and metal tolerance, we cultivated Kandelia 
obovata (S., L.) Yong seedlings in a soil culture system with arsenic treatment of 0, 30, 
60, 150 mg·kg-1, sulfur treatment of 0.1, 0.2, 0.4% (w: w) respectively. Samples were 
acquired after one year cultivated, then non protein thiol (NPT), glutathione(GSH), 
phytochelatins (PCs), soluble protein, proline and soluble sugar content in leaves and 
roots of K. obovata which responded to arsenic were measured, thus to provide 
theoretical basis for the understanding of the tolerance mechanisms of mangroves to 
heavy metals and detoxic process in the mangrove ecosystem. 
Major conclusions were summarized as follows: 
1. Under arsenic stress, the content of soluble protein in leaves and roots were 
lower than As 0 treatment. As has produced toxic effect on K. obovata seedlings, 
which damaged the protein synthesis systems, thus lowered the protein content in K. 
obovata seedlings. Under the same As treatment, soluble protein in K. obovata 
seedlings with S treatment were higher than contrast. The S treatment concentrations 
had a significantly positive correlation with soluble protein in leaves（P<0.05）, and 
had a  highly significant positive correlation with soluble protein in roots（P<0.01）. 















 2. The content of soluble sugar in roots were enhanced by the increasing 
strength of As treatment. Under the same As treatment, S 0.1、S 0.2 treatments 
promoted the soluble sugar content in leaves and roots of K. obovata. But the soluble 
sugar content declined under the S 0.4 treatment.  
3. Under the same As treatment, the proline content in leaves were enhanced by 
the increasing strength of S treatment. The addition of sulfur has certain stimulative 
effect on proline content in K. obovata; while proline content in roots changed 
non-significantly（P>0.05）.  
  4. The NPT content increased under As stress. The NPT content in K. obovata 
had a highly significant positive correlation with As treatment concentrations
（P<0.01）, and had a significantly positive correlation with As content in K. obovata
（P<0.05）. Without As, sulfur had little effect on NPT in K. obovata（P>0.05）. While 
under As stress, S 0.1、S 0.2 treatment promoted the content of NPT in K. obovata, the 
treatment of S 0.4 had little effect on the NPT content（P>0.05）. S could promote the 
production of NPT, which had an important effect on relieving the oxidative damage 
caused heavy metal. 
5. Under As stress, GSH promoted significantly in leaves and restrained in roots 
of K. obovata（P<0.05）. As stress on one hand stimulated GSH synthesis, on the other 
hand, the synthesis of PCs caused GSH consumption. GSH content in K. obovata had 
a highly significant positive correlation with S treatment concentrations（P<0.01）. S 
promoted GSH content, which could provide precursors for PCs, and has great 
significance for K. obovata seedlings to resist As.  
6. PCs content in leaves and roots of K. obovata seedlings were significantly 
promoted under As stress, PCs content in leaves and roots of K. obovata seedlings had 
a highly significant positive correlation with As content in seedlings（P<0.01）. The 
increase of PCs under As stress played pivotal role in removing the free As ion and 
alleviating As toxicity. PCs in roots of K. obovata seedlings were higher than that in 
leaves under As stress, root is the main synthetize part of PCs, PCs on complexation 
of As restrained the translocation of As, and played pivotal role in detoxification of 















obviously under S 0.4 treatment（P<0.05）.  
7. The As content in leaves and roots of K. obovata seedlings increased with the 
As treatment content, and had a highly significant positive correlation with the As 
treatment concentrations (P<0.01). There is highly significantly negative correlation 
between As concentration in leaves of K. obovata seedlings and S treatment (P<0.01). 
As in roots are extremely higher than that in leaves, it is hard for As to transfer to the 
acrial part of K. obovata seedlings, root is the main organ of K. obovata for gathering 
As. Under the same As treatment, the increasing S content decreased the As content in 
leaves to some extent, As content in roots under S 0.1、S 0.2 treatment were higher 
than control. The add of sulfur could promote As accumulation in roots, reduce the 
transportation of As in K. obovata seedlings, and promote its resistance.  
8. The S treatment concentrations had a highly significant positive correlation 
with the GSH content（P<0.01）, S could promote GSH content in K. obovata 
seedlings, which could enhance its resistance. As content in K. obovata seedlings had 
a significantly positive correlation with NPT（P<0.05）, and had a highly significant 
positive correlation with PCs（P<0.01）, the increase of thiols in K. obovata seedlings 
played an important role in restraining the transportation of As and relieving oxidative 
damage caused by heavy mental. 


















As 和它的化合物是常见的环境污染物，毒性显著，很早之前人们对 As 的环
境毒性就有所认识。As 可引发多种急慢性中毒，还可在人体内蓄积，能够致癌、
致突变、致畸[1,2]。As 在自然界广泛存在，自然界中含 As 的矿物有 249 种之多。
环境中 As 的来源有人为来源和自然来源。人为来源为人类的生产和生活过程中
直接或间接地排放到环境当中的 As，自然来源包括地质岩石中的 As，它决定了
土、水、气和生物体的含 As 量[3]。大气中的 As 主要来自煤的燃烧与有色金属冶
炼厂的烟尘，以及火山喷发出的气体。天然存在的含高浓度 As 的土壤很少，一
般每公斤土壤中含 As 量约为 6mg。土壤中 As 的本底主要来源于成土母质，它
的浓度大小和分布主要由成土过程的环境因素所决定[4]。造成土壤污染的高浓度
的 As 主要是人为原因造成的。主要源自含 As 农药的施用，矿山、工厂含 As 废
水的排放以及燃煤、冶炼排出的含 As 飘尘的降落。 
1.1.2 土壤（沉积物）对As的吸附作用 



























荷的质点相互作用被土壤吸附的。As 与 Fe、Al、Ca 结合的强度为：Fe 型砷>Al
型砷>Ca 型砷。其中铁、铝氢氧化物吸附 As 有突出作用，土壤中无定型铁、铝
氧化物越多，吸附能力越强，增强专一性吸附或共沉淀[9,10]。试验证明，氢氧化
铁对 As 的吸附力为氢氧化铝的两倍以上。 
1.1.3 As胁迫对植物的影响 
一般认为，As 不是植物的必需元素，但是植物可在其生长过程中从外界环









面积和干物质重[14]。朱云集等[15]的研究表明，As 处理可以引起豫麦 t3 体内发生
氧化胁迫，并引起植物的生长抑制甚至是死亡等。 
1.1.4 植物对As胁迫的防御机制 
国内外许多学者均在关注植物缓解 As 毒的机理。面对 As 胁迫，植物首要
的保护策略是通过将无机 As 转变为有机 As [16]或将 As 储存在非反应细胞器中等
各种途径将细胞内的 As 浓度降到 小[17,18]，Hartley 等发现无机 As 胁迫导致作
物产生活性氧，活性氧可能产生于五价 As 向三价 As 转化过程中，受其诱导产
生的抗氧化酶(如 SOD、CAT、谷胱甘肽转运酶)和一些非酶类抗氧化剂(如谷胱
甘肽(GSH)、抗坏血酸)可保护植物免受氧化胁迫[19]。GSH 既是一种抗氧化剂，
也是植物络合素(PCs)的合成前体，GSH 及源于 GSH 的 PCs 对解除 As 对植物的





















壤外，有机 S 是 S 在土壤中主要的存在形态，其含量水平与土壤有机质含量成
正相关。虽不能被植物马上吸收利用，但大部分有机 S 是植物缺 S 时潜在的供 S
来源[22]。无机形态的 S 在土壤气相、液相和固相部分均有分布，其中土壤气相




植物能够直接吸收利用的是 SO42-和游离态氨基酸硫，由于这部分 S 在土壤
中的含量较低，一般很难满足植物生长发育的需要。土壤有效 S 包括水溶态 S，
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